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Abstract
We have investigated properties of the interstellar medium in interacting galaxies in early and
mid-stage using mapping data of 12CO(J = 1–0) and H I. Assuming the standard CO-H2 con-
version factor, we found no difference in molecular gas mass, atomic gas mass, and total gas
mass (a sum of atomic and molecular gas mass) between interacting galaxies and isolated
galaxies. However, interacting galaxies have a higher global molecular gas fraction f
global
mol , a
ratio of molecular gas mass to total gas mass averaged over a whole galaxy, (0.71± 0.15) than
isolated galaxies (0.52 ± 0.18). The distribution of local molecular gas fraction fmol, a ratio of
the surface density of molecular gas to that of total gas, is different from the distribution in typ-
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ical isolated galaxies. By a pixel-to-pixel comparison, isolated spiral galaxies show a gradual
increase in fmol along the surface density of total gas until it is saturated at 1.0, while inter-
acting galaxies show no clear relation. We performed pixel-to-pixel theoretical model fittings
varying metallicity and external pressure. According to the model fitting, external pressure can
explain the trend of fmol in the interacting galaxies. Assuming a half of the standard CO-H2
conversion factor for interacting galaxies, the results of pixel-to-pixel theoretical model fitting
get worse than adopting the standard conversion factor, although f
global
mol of interacting galaxies
(0.62 ± 0.17) becomes the same as in isolated galaxies. We conclude that external pressure
occurs due to the shock prevailing over a whole galaxy or due to collisions between giant
molecular clouds even in the early stage of the interaction. The external pressure acceler-
ates an efficient transition from atomic gas to molecular gas. Regarding chemical time-scale,
high fmol can be achieved at the very early stage of interaction even if shock induced by the
collision of galaxies ionises interstellar gas.
Key words: galaxies: individual (Arp 84, VV 219, VV 254, the Antennae Galaxies) — galaxies: interac-
tions — galaxies: ISM — ISM: molecules
1 Introduction
The morphological and chemical evolutions of galaxies are dominated by interstellar medium (ISM)
through star-formation activity. While the ISM works as a fuel for the birth of stars, heavy elements
made in stars spread out into interstellar space through supernovae and AGB stars at the end phase
of stars. The supernovae may trigger star formation by compressing the surrounding ISM. Repetition
of the birth and death of stars changes the galaxy-scale environments. It is known that the early-
type spiral galaxies are known to have high molecular-to-atomic gas ratios (Obreschkow & Rawlings
2009; Boselli et al. 1997; Sauty et al. 2003; Young & Knezek 1989). A global molecular gas frac-
tion, which is the same as molecular-to-atomic gas ratio practically, also varies even within a galaxy
(Honma et al. 1995; Tosaki et al. 2011). Tanaka et al. (2014) showed that radial distributions of a local
molecular gas fraction of nearby spiral galaxies can be explained by theoretical model fitting based
on Elmegreen (1993) using the combination of observational data. In a galaxy cluster, H I is deficient
(Giovanelli & Haynes 1983), while CO gas is not deficient (Kenney & Young 1986; Kenney & Young
1989; Stark et al. 1986; Nakanishi et al. 2006). These studies show that ram pressure effectively and
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selectively removes H I, which typically resides in an outer region farther than molecular gas, from a
galaxy into intergalactic space. The properties of ISM are highly connected to the environments of
galaxies.
A galaxy interaction is one of the biggest events for galaxies. Dynamical and morphological
changes happen not only on stars but also to the ISM through the collision of galaxies. It is also
confirmed that interacting galaxies show violent star-formation activity (e.g., Bushouse 1987). Most
(ultra-)luminous infrared galaxies (U/LIRGs), which show active star-formation, are merging galaxies
(a late stage of the interaction) (e.g., Borne et al. 2000). Regarding these facts, properties of ISM in
interacting galaxies should be affected during the interaction. It is said that molecular gas mass is
enhanced by the interaction (Casasola et al. 2004; Combes et al. 1994). Mirabel & Sanders (1989)
showed a ratio of molecular gas to atomic gas is higher in interacting galaxies than that in isolated
galaxies on a galaxy scale. These results, however, are derived from the CO observations aiming at
the centre of galaxies, which may underestimate molecular gas mass and have no information on the
distribution of molecular gas. What is more, most investigated interacting galaxies are in the late
stage of the interaction showing highly enhanced star-formation activity because they are thought
to harbour plenty of molecular gas. Properties of the ISM of interacting galaxies in the early and
mid-stage are important since the ISM should fulfil the conditions of active star formation before the
starburst. However, these properties have not been well investigated. This is because weaker star-
formation activity than interacting galaxies in the late stage (e.g., U/LIRGs) implies weaker emission
from molecular gas. Understanding properties of the ISM in the early and mid-stage of the interaction
will help us discover the origin of the burst of star formation in the late stage of the interaction such
as U/LIRGs.
Kaneko et al. (2013) (Paper I henceforth) showed 12CO(J = 1–0) (hereafter CO) mapping
data of four interacting galaxies in the early and mid-stage of the interaction. These mapping data
are suitable for investigations of properties of the ISM undergoing the effects of the interaction. In
this paper, we studied properties of the ISM in interacting galaxies in the early and mid-stage of the
interaction in the context of gas content and the molecular gas fraction. The molecular gas fraction is
examined at both the galaxy scale and kpc scale, which can resolve galactic structures. Star-formation
activity in interacting galaxies in the early and mid-stage of the interaction will be discussed in a
forthcoming paper.
3
2 Data
In order to investigate properties of the ISM in interacting galaxies, we need data that cover a whole
system of interacting galaxies and resolve galactic structures. Here, we use a data set of tracers of
diffuse molecular gas (CO), atomic gas (H I), old stars (Ks), and star formation (Hα, FUV, 8 µm, and
24 µm). For comparison, we also use the data set of CO, H I, and Ks-band for isolated galaxies.
2.1 CO data
For a sample of interacting galaxies, we used the CO data obtained with the 45-m telescope at
Nobeyama Radio Observatory (NRO) of four interacting galaxies, Arp 84, VV 219, VV 254, and
the Antennae Galaxies from Paper I. In this paper, the definition of “the bridge region” of VV 254 is
based on Braine et al. (2003). We assume that the inclination of the bridge region is estimated to be
67◦, which is an average of the inclination of two constituent galaxies, UGC 12914 (61◦) and UGC
12915 (73◦). Details are summarised in Paper I.
For comparison, a control sample of isolated spiral galaxies was obtained from Nobeyama CO
Atlas (Kuno et al. 2007). This atlas is a CO mapping survey of 40 nearby spiral galaxies using the
Nobeyama 45-m telescope. Since the atlas covers almost the whole region of the target galaxies with
the same angular resolution as our observations (19.′′3 at 115.27 GHz, which is the rest frequency of
the CO line), the atlas data can be used for a direct comparison with our data of interacting galax-
ies. For some galaxies in Nobeyama CO Atlas which did not obtain the data with the On-The-Fly
technique1 (i.e., the angular resolution is 16′′), we convolved them to match the angular resolution
as 19.′′3. To remove the environmental effects, we excluded galaxies that belong to the Virgo and
Coma Clusters from the control sample. The average of the distance of interacting galaxies is 38
Mpc, which is larger than that of any isolated galaxies in Kuno et al. (2007) and our interacting galax-
ies sample has a lower sensitivity of CO integrated intensity on average than galaxies in Kuno et al.
(2007) about a factor of two. In order to have same CO sensitivity between interacting galaxies and
isolated galaxies, we also remove isolated galaxies with the distance nearer than 7 Mpc.
2.2 H I data
For interacting galaxies, we used the H I data obtained with VLA by Iono et al. (2005), except for the
Antennae Galaxies whose data was taken from Hibbard et al. (2001) using VLA.
1 Since On-The-Fly mapping observation does not obtain the data aligning on any regular grid, the observed data should be regridded onto a regular grid
with a convolution function. Due to Gaussian-tapered first-order Bessel function we used as a convolution function, an effective angular resolution becomes
19.′′3.
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The H I data were taken from THINGS2 for six isolated galaxies. We also gathered the H I
data from the literature for isolated galaxies which surveyed by the Nobeyama CO Atlas but were not
observed by THINGS. The final control sample of isolated galaxies comprises 13 galaxies.
2.3 Ks data
In order to normalise the difference of size of each galaxy with stellar mass, we utilised the Ks data.
All data were taken from the 2MASS catalogue3 (Skrutskie et al. 2006; Jarrett et al. 2003).
2.4 Star formation tracers
Hα data are collected from published papers. Although Hα images for the progenitors of Arp 84
(NGC 5394 and NGC 5395) and VV 254 (UGC 12914 and UGC 12915) are available (Bushouse
1987; Epinat et al. 2008), field-of-view for these Hα images is limited. For this reason, we used
GALEX FUV images instead when we need to make maps for Arp 84 and VV 254.
Both Hα and FUV emitted from OB stars are markedly absorbed by surrounding dust.
Therefore, the star-formation rate (hereafter SFR) derived from these data should be corrected. For
this reason, we also made use of Spitzer MIPS 24 µm data, which is thought to be emitted from the
dust. Since MIPS 24 µm image of Arp 84 is saturated, we used IRAC 8 µm data.
We convolved all data with the same spatial resolution of CO, which is the lowest among the
data. A pixel size is set to a half of the original beam size. For interacting galaxies, their linear
resolutions are about 1 kpc. A list of the control isolated galaxies is shown in table 1.
3 Results
We examine whether an enhancement of interstellar gas mass (H I, H2, and total gas mass) occurs in
interacting galaxies by comparing with the control sample. Molecular gas mass is derived using the
following equation,
MH2 [M⊙] = 3.9× 10
−17XCOD
2SCO, (1)
whereXCO is the CO-H2 conversion factor,D is the distance in megaparsec, and SCO is the integrated
flux of CO in the unit of Jy km s−1. We used the Galactic XCO of 1.8 × 10
20 cm−2 (K km s−1)−1
2 This work made use of THINGS, ‘The H I Nearby Galaxy Survey’ (Walter et al. 2008)
3 This publication makes use of data products from the Two Micron All Sky Survey, which is a joint project of the University of Massachusetts and the Infrared
Processing and Analysis Center/California Institute of Technology, funded by the National Aeronautics and Space Administration and the National Science
Foundation
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Table 1. Control isolated galaxies
Name Morphology Velocity (Ref.∗) Distance (Ref.∗) Inclination (Ref.∗) RK20
(km s−1) (Mpc) (deg) (arcsec)
(1) (2) (3) (4) (5) (6)
NGC 253 SAB(s)c 237 (1) 2.5(6) 75(1) 630.2
UGC 2855 SABc 1207 (1) 20.3 (2) 63 (8) 114.3
NGC 3184 SAB(rs)cd 594 (2) 8.7 (2) 21 (8) 114.6
NGC 3351 SB(r)b 778 (3) 10.1 (7) 40 (3) 116.3
NGC 3521 SAB(rs)bc 792 (1) 7.2 (8) 63 (1) 164.4
NGC 3627 SAB(s)b 715 (1) 11.1 (9) 52 (1) 185.0
NGC 3631 SA(s)c 1164 (2) 21.6 (8) 17 (8) 80.9
NGC 4051 SAB(rs)bc 725 (4) 17.0 (8) 49 (11) 102.6
NGC 4102 SAB(s)b 853 (1) 17.0 (8) 56 (11) 68.6
NGC 5055 SA(rs)bc 503 (1) 7.2 (8) 61 (1) 204.2
NGC 5248 SAB(rs)cd 1165 (1) 22.7 (8) 40 (8) 111.8
NGC 5457 SAB(rs)cd 255 (5) 7.2 (10) 18 (12) 236.3
NGC 6217 (R)SA(rs)bc 1355 (2) 23.9 (8) 34 (8) 73.2
NGC 6951 SAB(rs)bc 1425 (1) 24.1 (8) 30 (1) 115.6
Column (1): Galaxy name.
Column (2): Morphological type taken from RC3 catalogue (de Vaucouleurs et al. 1993).
Column (3): Velocity in local standard of rest.
Column (4): Distance.
Column (5): Inclination angle.
Column (6): Radius at 20 magnitude arcsec−2 in Ks-band (Jarrett et al. 2003)
∗ Reference: 1. Kuno et al. (2007); 2. Tully (1974); 3. Regan et al. (2001); 4. Helfer et al. (2003)
5. Sofue et al. (2003); 6. Mauersberger et al. (1996); 7. Graham et al. (1997); 8. de Vaucouleurs et al. (1993);
9. Saha et al. (1999); 10. Stetson et al. (1998); 11. Verheijen & Sancisi (2001); 12. Bosma et al. (1981)
(Dame et al. 2001). Recent studies have reported that the XCO factor varies both within a galaxy and
between galaxies. This issue will be discussed in section 4.5.
The derivation of atomic gas mass is done assuming an optically thin emission,
MHI [M⊙] = 2.36× 10
5D2SH I, (2)
where SH I is the integrated flux of H I in the unit of Jy km s
−1.
In order to get rid of the effects of the size of progenitors, we normalise the interstellar gas
mass with Ks-band luminosity. Although previous studies such as Casoli et al. (1998) and Zhu (2001)
have used B-band luminosity for the normalisation because of data availabilities, B-band severely
affected by the emission from young stars and dust. Therefore, it is not good to use B-band for the
purpose of the normalisation. Since Ks-band is less affected by star-formation history than B-band
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(Kauffmann & Charlot 1998), we adopted Ks-band luminosity for the normalisation. The effective
wavelength of 2MASS Ks-band, whose data is used for the normalisation, is 2.16 µm.
For interacting galaxies, we divided the interacting system into two constituent galaxies except
for VV 254. VV 254 is split into three components: UGC 12914, UGC 12915, and the bridge region.
These divisions are performed in the same manner described in Paper I.
The basic properties of interacting galaxies are summarised in table 2 as following manners:
Column (1): Pair name
Column (2): Galaxy name
Column (3): Molecular hydrogen gas mass assuming the Galactic ICO−NH2 conversion factor
of 1.8 × 1020 [cm−2 (K km s−1)−1]
Column (4): Atomic hydrogen gas mass assuming an optically thin emission,MHI[M⊙]=2.36×
105D2SH I, where D is the distance in megaparsec, and SH I is the integrated flux of H I in Jy km
s−1
Column (5): Hα luminosity. For Arp 84 and VV 254, FUV luminosity is also listed
Column (6): 24 µm luminosity. For Arp 84, 8 µm luminosity
Column (7): Ks luminosity
Column (8): Star formation rate
Column (9): Global molecular gas fraction
Column (10): References of H I, Hα, FUV, 24 µm, and 8 µm
Similarly, basic properties of control sample galaxies are summarised in table 3 in the following way:
Column (1): Galaxy name
Column (2): Molecular hydrogen gas mass
Column (3): Atomic hydrogen gas mass
Column (4): Ks luminosity
Column (5): Global Molecular gas fraction
Column (6): References of H I
MHI , LHα, LFUV, L24µm, L8µm, and LKs are calculated based on the distance described in table 1.
First, we examine a total gas mass (the sum of H2 and H I gas mass) normalised by Ks-band
luminosity in galactic scale, Mgas/LKs . The histogram of Mgas/LKs is shown in figure 1(a). The
average of Mgas/LKs for the interacting galaxies and the control sample are 0.90 ± 0.29 and 1.16 ±
0.50, respectively. The medians of Mgas/LKs are 0.81 and 1.15 for the interacting galaxies and the
control sample, respectively. Although the average and the median for the interacting galaxies are
lower than that for the control sample, the result implies that the normalised total gas mass in the
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Table 2. Basic properties of interacting galaxies
Pair name Galaxy MH2 MH I LHα(LFUV) L24µm(L8µm)
∗ LKs SFR f
global
mol
Ref.†
(109 M⊙) (109 M⊙) (1040(42) erg s−1) (1042 erg s−1) (1043 erg s−1) (M⊙ yr−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Arp 84 NGC 5394 4.8 0.08 1.6 (5.1) (2.9) 3.2 4.9 0.98 1, 3, 4, 8
NGC 5395 8.0 5.7 1.0 (3.1) (10.7) 10.8 3.1 0.47 1, 3, 4, 8
VV 219 NGC 4567 1.3 0.2 3.8 0.8 0.67 0.67 0.87 1, 5, 8
NGC 4568 3.0 1.1 7.9 2.0 2.1 1.5 0.73 1, 5, 8
VV 254 UGC 12914 10.3 6.2 3.3 (5.1) 8.3 8.3 1.6 0.63 1, 4, 6, 9
UGC 12915 14.9 5.1 2.1 (3.1) 4.9 4.7 4.2 0.74 1, 4, 6, 9
The Antennae Galaxies NGC 4038 6.2 2.5 32.9 2.7 3.3 8.4 0.60 2, 7, 9
NGC 4039 3.2 1.0 30.9 2.1 2.9 9.5 0.69 2, 7, 9
∗ L24µm and L8µm are expressed as νLν .
† Reference: 1.Iono et al. (2005); 2.Hibbard et al. (2001); 3. Epinat et al. (2008); 4. GALEX NGS (Bianchi et al. 2003); 5.Koopmann et al. (2001); 6. Bushouse (1987); 7.
Xu et al. (2000); 8. Smith et al. (2007); 9. Spitzer archive.
Table 3. Basic properties of control isolated spiral galaxies
Galaxy MH2 MH I LKs f
global
mol
Ref.∗
(109 M⊙) (109 M⊙) (1043 erg s−1)
(1) (2) (3) (4) (5) (6)
NGC 253 1.6 1.0 1.9 0.49 1
UGC 2855 20.3 8.8 5.0 0.70 2
NGC 3184 1.1 1.9 0.55 0.36 3
NGC 3351 1.1 1.2 1.5 0.48 3
NGC 3521 2.9 3.6 2.2 0.44 3
NGC 3627 8.8 1.2 5.0 0.88 3
NGC 3631 3.6 5.7 2.8 0.39 4
NGC 4051 2.7 1.9 1.6 0.59 5
NGC 4102 2.2 0.55 2.2 0.80 6
NGC 5055 2.9 4.6 2.4 0.38 3
NGC 5248 8.8 9.9 4.8 0.47 7
NGC 5457 3.2 13.4 1.7 0.19 3
NGC 6217 1.8 7.7 2.4 0.19 8
NGC 6951 5.9 4.8 8.3 0.55 7
∗ Reference: 1. Puche & Carignan (1991); 2. Lang et al. (2003); 3.Walter et al. (2008); 4.
Knapen (1997); 5. Liszt & Dickey (1995); 6. Verheijen & Sancisi (2001); 7. Haan et al.
(2008); 8. van Driel & Buta (1991)
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Fig. 1. Histograms of a)Mgas/LKs , b)MH2 /LKs , c)MH I/LKs , and d) f
global
mol
for the interacting galaxies (upper figures) and the control sample (lower
figures), respectively.
interacting galaxies and the control sample galaxies are the same considering the large dispersion.
Next, we investigate normalised molecular gas mass, MH2 /LKs . The histogram of MH2 /LKs
is shown in figure 1(b). The average of MH2 /LKs for the interacting galaxies and the control sample
are 0.67 ± 0.23 and 0.57 ± 0.33, respectively. The medians of MH2 /LKs are 0.64 and 0.49 for the
interacting galaxies and the control sample, respectively. The normalised molecular gas mass in the
interacting galaxies agrees with that in the isolated galaxies within the error.
We also examine the normalised atomic gas mass. Figure 1(c) shows the histogram of
MH I/LKs . For the atomic hydrogen gas mass, interacting galaxies have the average of MH I/LKs
of 0.23 ± 0.09 whereas MH I/LKs of the control sample is 0.59 ± 0.38. The median of MH I/LKs is
0.24 for interacting galaxies and 0.64 for the control sample. The dispersion of MH I/LKs in isolated
galaxies is much larger than that in interacting galaxies. Furthermore, there is no interacting system
whoseMH I/LKs is higher than 0.50, while seven of 13 (54 %) isolated spiral galaxies haveMH I/LKs
of over 0.5, and the highest is 1.34. These results imply that normalised atomic hydrogen gas mass
could be decreased during interactions.
4 Discussion
4.1 Global molecular gas fraction
In interstellar space, a transition from atomic hydrogen gas to molecular hydrogen gas can occur on
the surface of dust. In order to quantify the balance of the transition, a global molecular gas fraction
to total gas, f globalmol , is used (e.g., Elmegreen 1993). The definition of f
global
mol is given as follows:
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f globalmol =
MH2
MH I +MH2
. (3)
If the transition from atomic gas to molecular gas is more efficient in interacting galaxies than
in isolated spiral galaxies, a comparison of f globalmol should give us suggestive information to see the in-
fluence of the interaction on the ISM. Figure 1(d) shows histograms of f globalmol for both the interacting
galaxies and the control galaxies samples. Interacting galaxies have a higher value of f globalmol compared
to the isolated spiral galaxies sample. The averages of interacting galaxies and the control sample are
0.71 ± 0.15 and 0.52 ± 0.18, respectively. The medians of f globalmol are 0.71 and 0.48 for interacting
galaxies and the control sample, respectively. This fact suggests that molecular hydrogen gas is pro-
duced from atomic hydrogen gas effectively in interacting galaxies. The global molecular gas fraction
differs according to the Hubble type, that is, early-type galaxies tend to have higher global molecular
gas fraction compared to late-type galaxies (Young & Knezek 1989). However, since progenitors of
our target interacting galaxies are all late-type galaxies based on the RC3 Catalogue (de Vaucouleurs
et al. 1993), the high global molecular gas fraction cannot be explained by the difference of the Hubble
type. Therefore, these results imply that the galaxy interactions do enhance the global molecular gas
fraction in a galaxy even in the early stage of the interaction.
It is known that H I gas may be selectively stripped under group or cluster environments
(Kenney & Young 1989). We have checked whether H I gas apart from the galaxies exists in the
H I integrated intensity map (see, figure 6(c)–9(c) in Paper I) in order to investigate a possibility of
higher f globalmol due to H I gas removal. We find no atomic gas far from the disk of the galaxies. Thus,
we did not underestimate the atomic gas mass. We also consider the current environments. Since the
VV 219 system (NGC 4567 and NGC 4568) is in the Virgo Cluster, ram pressure may selectively
strip H I gas only in this system in our sample. Even if we remove NGC 4567 and NGC 4568 from
the sample of the interacting galaxies, the average (0.68 ± 0.17) and the median (0.65) hold our con-
clusion of higher f globalmol in the interacting galaxies. Therefore, the enhancement of f
global
mol is not from
environmental effects but due to the nature of a galaxy interaction itself.
Although we cannot find stripped H I gas apart from progenitors, there is still a possibility of
ionisation of such stripped H I gas. If it exists, it will be another candidate to enhance f globalmol . Once
the H I gas is ionised by a local H II region, the H I gas disappears, and dense ionised gas can be seen
at the ionised region (Hibbard & van Gorkom 1996). In this context, we examined the distribution
of ionised gas with Hα image and of ionising sources with FUV image where molecular gas is not
seen as the case of the tidal tail of the Antennae Galaxies (Hibbard et al. 2001). NGC 5394 (the
north-east galaxy in Arp 84) shows extended FUV emission along their arms without H I emission.
Although this feature may be due to an interaction-induced star formation, we can say that ionisation
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of hydrogen gas is at least occurring there. In other galaxies, we can find no Hα or FUV emission
apart from their disc even in VV 254, from which a significant amount of H I gas has dragged out
(see, Paper I: figure 6(e) – 9(e)). This fact indicates that the current ionisation of atomic gas can be
negligible except for NGC 5394, although past ionisation due to the interaction cannot be ruled out.
We also derive H II gas mass outside galactic discs in order to evaluate a contribution of warm
diffuse ionised gas to H I deficiency in interacting galaxies. Diffuse Hα emission traces warm ionised
gas having a temperature of ∼104 K and electron density of lower than 103 cm−3. In this analysis,
a size of a galactic disc is defined as a radius within 20 mag arcsec−2 in the Ks-band (RK20). We
regard Hα emission within 20 kpc as whole emission from ionised gas in a galaxy. To obtain dif-
fuse Hα emission outside galactic discs, we subtract Hα flux within RK20 from that within 20 kpc.
Assuming an electron temperature of ∼ 104 K, H II gas mass can be derived using the following
equation (Finkelman et al. 2010):
MHII[M⊙] = 2.33× 10
3
(
LHα
1039 erg s−1
)(
ne
103 cm−3
)−1
, (4)
where ne is the electron density. Krabbe et al. (2014) showed that interacting galaxies in the early
stage have higher electron density than isolated galaxies. The electron density stays > a few 10
cm−3 even further than 10 kpc from the galactic centre in some interacting galaxies. We adopt the
electron density of 10 cm−3 to estimate H II gas mass. Table 4 shows derived H II gas mass. All target
interacting galaxies expect for NGC 5394 have an order of 3 smaller H II gas mass compared with H I
gas mass. It means that an ionisation of hydrogen gas can be negligible for these interacting galaxies
except for NGC 5394 as suggested by distributions of Hα and FUV emission.
H I gas expelled from galactic discs may be suffered by hot halo or inter-galactic UV radiation
which cannot be detected with Hα emission. Although the origin of hot diffuse ionised gas is unknown
yet (Werk et al. 2016), H I may become hot diffuse ionised gas with a temperature of ∼105−6 K and
electron density of <1 cm−3, and consist circum-galactic medium which extends over several 100
kpc as reported in Werk et al. (2014). In 25% of massive local early-type galaxies, a misalignment is
seen between a position angle derived from warm ionised gas and that from with stellar kinematics
(Pandya et al. 2017). Such a misalignment of the hot ionised gas and stellar discs indicates that
the disc of the hot ionised gas is formed by an external process. As shown by van de Voort et al.
(2015), merger-induced misalignment lasts 2 Gyr. These facts suggest that at least some early-type
galaxies acquire their diffuse warm ionised gas via a merger event. Additionally, according to table
3 of Haardt & Madau (2012), a photoionisation rate owing to the cosmic background UV emission
at z = 0 is 0.228×10−13 s−1 (i.e., a photoionisation timescale is an order of 106 yr). Since this
timescale is shorter than the timescale of the end of the first encounter (∼108 yr: e.g., Teyssier et al.
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Table 4. H II gas mass around galactic discs of interacting galaxies
Pair name Galaxy Hα fux within RK20 Hα flux within 20 kpc H II gas mass outside the galactic disc
(1040 erg s−1) (1040 erg s−1) (106 M⊙)
Arp 84 NGC 5394 0.4 1.6 2.8
NGC 5395 0.4 1.0 1.4
VV 219 NGC 4567 3.9 4.3 0.9
NGC 4568 8.9 10.4 3.4
VV 254 UGC 12914 2.8 3.3 1.2
UGC 12915 1.6 2.1 1.2
The Antennae Galaxies NGC 4038 31.0 32.9 4.3
NGC 4039 27.7 30.9 7.4
2010), H I gas in a tidal tail can be photoionised. Although there is no data about hot diffuse ionised
gas for our sample, it is possible that some portion of H I gas in the tidal tail in our sample could
be transformed into hot diffuse ionised gas. Therefore, we conclude that higher global molecular
fraction in interacting galaxies is achieved by both production of molecular gas from atomic gas and
past ionisation of atomic gas.
4.2 Local molecular gas fraction
In order to make it clear where and howmolecular gas fraction is enhanced in interacting galaxies, we
investigate spatial variations of a local molecular gas fraction. Local molecular gas fraction is derived
using the following equation:
fmol =
ΣH2
ΣH I +ΣH2
, (5)
where ΣH2 is the surface density of molecular hydrogen gas and ΣH I is the surface density of atomic
hydrogen gas. ΣH2 and ΣH I are derived using the following equations:
ΣH2
M⊙ pc−2
= 2.88
(
XCO
XGalacticCO
)(
ICO
K km s−1
)
cos iCO, (6)
ΣH I
M⊙ pc−2
= 23.5
(
IH I
Jy km s−1
)
cos iH I, (7)
where iCO and iH I are the inclination angle of the galaxy derived from CO and H I data. X
Galactic
CO
is the Galactic CO-H2 conversion factor of 1.8× 10
20cm−2 (K km s−1)−1 (Dame et al. 2001). In
this paper, these inclinations are assumed to be the same throughout the disc for each galaxy and
between CO disc and H I disc. Note that as long as the inclinations of H I disc and H2 disc are the
same, and fmol is free from the problem of the uncertainty of the inclination of galaxies. If the H2
disc is inclined more than what we assumed and the inclination angle of H I disc is the same as our
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Fig. 2. A map of fmol of a typical isolated spiral galaxy NGC 5055. The white cross shows the centre of the galaxy.
assumption, calculated fmol gets lower than the real and vice versa. We also notice that we derive fmol
for only pixels where CO emission is detected higher than 3 σ. For this reason, this investigation can
check local molecular-to-atomic gas balance.
First of all, we compare the distributions of fmol between isolated galaxies and interacting
galaxies. Figure 2 is a map of fmol of NGC 5055, which is in the control sample. This map illustrates
an example of the typical fmol distribution seen in isolated galaxies. fmol has a peak at the galactic
centre where the peak surface density of molecular gas is also located (see, figure 33 in Kuno et al.
2007) and gradually decreases as the radius increases. Maps of fmol in the interacting galaxies are
shown in figure 3. Note that all maps of fmol in figures 2 and 3 are set to have the same dynamic
range. These figures illustrate that the distributions of fmol in interacting galaxies are complicated.
Here, we see the features of fmol map of each galaxy pair.
A map of fmol of Arp 84 (figure 3(a)) displays that hydrogen gas in NGC 5394 (top-right) is
almost entirely in a molecular state throughout the galaxy. NGC 5395 (bottom-left) has a local peak
of fmol at the centre where CO and H I maps show cavity-like structures (see, figure 6(c) in Paper I).
The edge of the northern tidal arm of NGC 5395 toward NGC 5394 where molecular gas and atomic
gas are accumulated as mentioned in Paper I shows slightly higher fmol which is comparable to the
galactic centre. This local peak of fmol comes into contact with the optical tidal tail of NGC 5394.
These complicated distributions of fmol indicate that the galaxy interactions have had a large influence
on the properties of the interstellar gas.
As seen in figure 3(b), both NGC 4567 (top-right) and NGC 4568 (bottom-left) which are the
constituent galaxies of VV 219 show a relatively ordinary distribution of fmol as found in normal field
galaxies such as NGC 5055 (figure 2). They have peaks at their centres and a gradual decrease in
fmol with galactocentric radius. However, fmol in NGC 4567 decreases along with an increase of the
radius more gradually than NGC 4568 and NGC 5055. There is a slight enhancement of fmol at the
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Fig. 3. Maps of fmol for the interacting galaxies. (a) Arp 84, (b) VV 219, (c) VV 254, and (d) the Antennae Galaxies. The crosses illustrate the galactic
centre of each constituent galaxy. White circles show the beam size of NRO 45-m (19.′′3) on bottom left of each figure. White line on each top left of the
figures represents linear scale.
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Fig. 4. fmol versus surface density of total gas (Σgas) for isolated galaxy NGC 5055.
overlapping region of the galaxies.
VV 254 shows the most complicated distribution of fmol among our sample (figure 3(c)).
There are two peaks of fmol in the VV 254 system. One is about 45
′′ (corresponding 14 kpc in
projected distance) north from the centre of UGC 12914 (bottom-right), which is the edge of the
warped disc of UGC 12914. Another is about 20′′ (6 kpc) to the east from the centre of UGC 12915.
From this highest fmol region in VV 254 to the centre of UGC 12914, fmol gradually decreases. The
lowest fmol (∼ 0.6) of this system is seen in the northwestern region of UGC 12915. Except for this
lowest region, VV 254 system has fmol over 0.7 throughout the galaxy even at the bridge region.
Figure 3(d) illustrates that fmol in the Antennae Galaxies is almost over 0.9 throughout the
region where CO emission is detected.
In order to see the relation more quantitatively, we made plots of the relation between the
surface density of the total gas and fmol. The surface density of the total gas is written as Σgas =
ΣH2 +ΣH I. We made the correction assuming that the inclination angle is constant within a galaxy.
It should be noted that fmol is not affected by the inclination of the galaxy as previously mentioned,
while it leads to uncertainty of the surface density of total gas if the inclination that we assume is not
true. For both CO and H I detected points, we estimate errors of fmol and Σgas using the errors on the
intensity of CO and H I. The errors on the intensity of CO and H I are evaluated as follows (e.g., Sauty
et al. 2003):
∆ICO = σCO(∆VH IδVCO)
1/2 (8)
∆IH I = σH I(∆VCOδVH I)
1/2, (9)
where σCO and σH I are the rms noise of the spectrum,∆VCO and∆VH I linewidth of CO and H I, δVCO
and δVH I the velocity resolution of CO and H I. The error of fmol was expressed as
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Fig. 5. fmol versus surface density of total gas (Σgas) for (a) Arp 84, (b) VV 219, (c) VV 254, and (d) the Antennae Galaxies.
∆fmol =
√√√√(∂fmol
∂ΣH2
∆ΣH2
)2
+
(
∂fmol
∂ΣH I
∆ΣH I
)2
, (10)
where
∂fmol
∂ΣH2
=
ΣH I
(ΣH I +ΣH2)
2
(11)
∂fmol
∂ΣH I
=−
ΣH2
(ΣH1 +ΣH2)
2
. (12)
∆ΣH2 and ∆ΣH I are derived from the equation (6) and (7) applying ∆ICO and ∆IH I instead of ICO
and IH I, respectively.
We show Σgas-fmol plots with error bars. For comparison, we also made a Σgas-fmol plot for
the isolated spiral galaxy NGC 5055 (figure 4). The plot for NGC 5055 shows the gradual increase of
fmol with the surface density of the total gas toward a saturation level of 1.0. This is a typical feature
seen in normal galaxies (Nakanishi et al. 2006; Tosaki et al. 2011).
Figure 5(a) shows the plot of the surface density of total gas versus fmol in Arp 84. As shown
in figure 3(a), NGC 5394 has fmol of nearly 1.0 throughout the galaxy even in the region with a low
surface density of the total gas. On the other hand, NGC 5395 shows a trend opposite that of normal
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galaxies, namely, fmol decreases with the surface density of the total gas. The same trend in other
galaxies has never yet been reported.
Figure 5(b) represents the plot of the surface density of the total gas versus fmol in VV 219.
The plot shows that fmol in NGC 4567 ranges from 0.6 to 0.9 and fairly constant, while fmol increases
with the surface density of total gas in NGC 4568 as seen in normal galaxies. This difference may be
due to the difference in the significance of the influence of interaction on these galaxies. Since NGC
4567 is a secondary galaxy in the minor merger, it may be more severely affected by the interaction
than NGC 4568.
Figure 5(c) shows the plot of the surface density of the total gas versus fmol in VV 254. In this
galaxy pair, all fmol is higher than 0.6 in the region where CO emission is detected. Both UGC 12914
and UGC 12915 show a large dispersion of fmol. The overlapping region shows slightly lower fmol
than the galaxies. None of the regions shows a clear trend.
Figure 5(d) shows the plot of the surface density of the total gas versus fmol in the Antennae
Galaxies. We make no correction for the inclination for the Antennae Galaxies because of their
severely disturbed morphologies. We also note that data points move to the left in the plot overall if
we could make the inclination correction. Most fmol of the Antennae Galaxies is at least 0.9 or higher
along a wide range of the surface density of the total gas.
All of our samples show different features compared to isolated galaxies. One galaxy pair, VV
254, show relatively constant fmol and large dispersion and fmol of Arp 84 and the Antennae Galaxies
reaches > 0.8 even at a low surface density of the total gas around 20M⊙ pc
−2. In the extreme case
of NGC 5395, fmol decreases with the surface density of the total gas. As a whole, fmol in interacting
galaxies is not merely related to the surface density of the total gas as often seen in isolated spiral
galaxies.
4.3 The theoretical model of fmol and fitting to the observed fmol
We investigate a cause of the features seen in the plot of the surface density of the total gas versus
fmol of the interacting galaxies, by fitting the data with the theoretical model proposed by Elmegreen
(1993). In his model, fmol is determined by the balance between the production and the destruction
of molecular gas. This means that the model assumes that the H I and H2 clouds co-exist in the same
place all the time. It is not clear that the H I and H2 clouds co-exist in interacting galaxies, especially
in a colliding system, although this assumption is valid for a normal spiral galaxy. This issue will be
discussed in section 4.6.
The production rate from H I to H2 and H2 destruction rate are determined by following phe-
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nomena. Molecular hydrogen gas is produced from two atomic hydrogens on a surface of interstellar
dust which is a compound of the metal. The production rate is proportional to the square of the density
of hydrogen gas and pressure that governs whether clouds are self-gravitating or diffuse. Therefore,
the production rate is enhanced under rich metallicity and high pressure. The energy for photodis-
sociation of molecular hydrogen is supplied by UV radiation emitted from nearby OB stars. The
destruction rate of molecular gas decreases when the interstellar dust is abundant because it shields
molecular gas inside a molecular cloud from the UV radiation. Foreground molecular gas clouds
toward an OB star also can shield background molecular gas clouds from photodissociation by the
UV radiation. Furthermore, if the density of a molecular cloud is dense enough, an outer layer of the
molecular cloud can shield an inner layer of the molecular cloud from the UV radiation. Thus the
photodissociation rate relates to the amount of dust and the density of the molecular cloud.
Although the relation between the pressure and the surface density of gas is still under discus-
sion, Elmegreen (1989) proposed the relation between kinematic pressure in interstellar medium and
the surface density of gas as follows:
P ≃
pi
2
GΣgas
(
Σgas +Σstar
cgas
cstar
)
, (13)
where G is the gravitational constant and Σstar the surface density of stars, and cgas and cstar the gas
and star velocity dispersions, respectively. According to the observational fact that both Σgas and
Σstar have about the same exponential decline with radius (Young & Scoville 1982), this relation is
simplified with normalisation in the solar neighbourhood as
P
P⊙
=
(
Σgas
Σgas⊙
)2
. (14)
Summarising these production and destruction rate, primary parameters for a balance of fmol are
metallicity, Z, the strength of UV radiation field, U , and the surface density of the total gas, Σgas.
The strength of radiation field U can be traced by SFR which is calculated using observables,
for instance, Hα (or FUV) and 24 µm (8 µm) data. These methods to derive dust absorption corrected
SFR are proposed by Calzetti et al. (2007); Zhu et al. (2008). Therefore, we can compute fmol using a
local surface density of total gas Σgas and local SFR ΣSFR for the pixel by pixel. For this reason, free
parameters are reduced to only one parameter, metallicity Z. In order to normalise parameters, we
assume Σgas at the solar neighbourhood as 8.0M⊙ pc
−2 (Sanders et al. 1984), and ΣSFR at the solar
neighbourhood is estimated as 2.70 × 10−9 M⊙ yr
−1 pc−2 which is obtained by Bigiel et al. (2008)
using the empirical relation between the surface density of SFR and the total gas (Kennicutt-Schmidt
law).
Figure 6 shows the relationship between simulated fmol versus the surface density of the total
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Fig. 6. The effects of metallicity and ΣSFR on fmol versus the surface density of total gas relation. Solid and dotted lines indicates fixed ΣSFR = 1.0
ΣSFR⊙ , and fixed ΣSFR = 5.0 ΣSFR⊙ , respectively. Focusing on same ΣSFR, three fmol-Σgas relations from bottom one to top one correspond in the
case of metallicity Z of 0.1, 1.0, and 10.0.
gas with different metallicity Z in case of ΣSFR = 1.0 ΣSFR⊙ (solid lines) and ΣSFR = 5.0 ΣSFR⊙
(dotted lines). For each ΣSFR, we calculate three cases that metallicity of 0.1, 1.0, and 10.0 which
correspond from the bottom line to the top one. It is apparent that fmol decreases whenΣSFR increases.
On the other hand, an increase of Z leads to increase fmol.
It is necessary to consider that normally a galaxy has a radial gradient on metallicity. fmol
fitting with constant metallicity for a normal spiral galaxy could lead to misinterpretation. Kewley
et al. (2010), however, showed that the metallicity gradients in all interacting galaxies in early stages
are significantly shallower than that in the isolated spiral galaxies (VV 254, which is our sample
interacting galaxies, is included in their targets). Hence, for the interacting galaxies, simulations
with constant metallicity throughout a galaxy are less affected than those carried out for isolated
galaxies. Therefore, we fit the observed data with this model assuming that metallicity Z is constant
throughout a galaxy for simplification. In order to constrain parameter sets, we derive metallicity from
the luminosity–metallicity relation. Melbourne & Salzer (2002) showed that B-band luminosity is
correlated with metallicity as:
12+ log(O/H) =−(0.240± 0.006)MB + (4.059± 0.17), (15)
whereMB is absolute B-band magnitude of a galaxy. We assume log Z⊙ = 12 + log (O/H)⊙ = 8.69.
We collect total apparent B-band magnitude from SIMBAD. Since the bridge region of VV 254 is not
available, the metallicity of the bridge region is not calculated. Besides, metallicity of the Antennae
Galaxies is derived summing up their progenitors, NGC 4038 and NGC 4039. The derived metallicity
Z/Z⊙ is summarised in table 5. As a result, we get more constrained parameter set for all galaxies
except for the bridge region of VV 254.
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Table 5. B-band magnitude and derived metallicity
Pair name Galaxy Total B-band magnitude Absolute B-band magnitude log Z Z/Z⊙
(mag) (mag)
Arp 84 NGC 5394 13.70 -19.92 8.84 1.42.50.8
NGC 5395 13.26 -20.36 8.95 1.83.21.0
VV 219 NGC 4567 12.06 -18.96 8.61 0.81.50.5
NGC 4568 12.11 -19.92 8.60 0.81.50.5
VV 254 UGC 12914 13.2 -20.80 9.04 2.24.01.3
UGC 12915 13.9 -20.10 8.87 1.52.70.9
The Antennae Galaxies 10.24 -21.47 9.21 3.35.91.9
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Fig. 7. The results of theoretical fmol model fitting for NGC 5395. In this fitting, free parameter is only metallicity Z. Black points are observed fmol, while
red points are best-fitted theoretical fmol.
For the first step, we fit NGC 5395, which shows the oddest fmol–Σgas relation in our sample,
to test the simulation validity. The best-fitted parameter of metallicity is 1.0 Z⊙ with minimum χ
2 of
4.1. Figure 7 shows observed and simulated fmol–Σgas relations of NGC 5395. Black and red points
correspond observed fmol–Σgas relation and simulated fmol–Σgas relation with metallicity of 1.0 Z⊙
yielding the minimum χ2 within a range of Z, respectively. It is clear that we could not reproduce the
observed trend that fmol decreases with the increase of the surface density of the total gas. Therefore,
it needs to modify Elmegreen’s original theoretical fmol model to represent the physics in interacting
galaxies.
Besides metallicity Z, we tried to include external pressure ε which expresses the influence of
the interaction of galaxies as another free parameter in the same way as Nakanishi et al. (2006). As
seen in Paper I, VV 219 and VV 254 have a peak of H I gas at their overlapping region. Especially VV
219, the fact that H I gas at the contact region is not extended outward the CO disc implies that H I gas
is accumulated there, while H I gas is extended like normal spiral galaxies in the southern disc of NGC
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Fig. 8. fmol versus surface density of total gas (Σgas) if external pressure ε induced.
4568. These features cannot be explained without the interaction between interstellar gas. Therefore,
during a galaxy interaction, interstellar gas would also interact. Thus, we may expect external pressure
in their environments. The pressure term P with this external pressure can be rewritten instead of the
equation (14) as follows:
P
P⊙
=
(
Σgas
Σgas⊙
)2
+ ε2, (16)
where ε2 is the contribution of the external pressure. Therefore, in our simulations, free parameters
become metallicity Z and external pressure ε. Figure 8 illustrates a plot of fmol against the surface
density of the total gas with different external pressure ε assuming metallicity Z=1.0 Z⊙ and ΣSFR=
1.0 ΣSFR⊙ according to our new model. When external pressure is included, fmol is enhanced at the
surface density of the total gas where external pressure exceeds the intrinsic pressure as compared
with the case without external pressure.
Model fitting procedures were performed as follows:
1. Input the observed fmol, Σgas and ΣSFR for pixels where CO and H I are detected with the S/N
ratio higher than 3.
2. For a certain metallicity Z which is fixed throughout a galaxy, calculate fmol based on our
new model using the observed Σgas and ΣSFR
4.
3. Subtract theoretical fmol from the observed fmol and derive χ
2 where CO and H I are detected.
4. Change metallicity and external pressure. Both parameters are changed with an interval of
0.1.
5. Iterate above processes within a range of 1 σ uncertainty ofZ derived fromB-band luminosity
and ε = 0.0 – 24.9.
4 Each item in the pixel data has the same metallicity in this calculation.
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Table 6. A summary of best-fitted parameters
Pair name Galaxy Galactic XCO factor 1/2 × Galactic XCO factor
Z (Z⊙) ε minimum χ2 Z (Z⊙) ε minimum χ2
Arp 84 NGC 5394 2.5 0.0 5.3× 10−3 2.5 3.4 6.2× 10−2
NGC 5395 1.0 2.0 2.0× 100 1.0 1.6 3.5× 100
VV 219 NGC 4567 1.5 6.9 4.2× 10−1 1.3 0.0 9.6× 10−1
NGC 4568 2.1 2.3 1.2× 100 1.2 0.0 7.1× 100
VV 254 UGC 12914 1.5 4.6 2.3× 100 1.3 1.1 1.5× 10−1
UGC 12915 1.8 0.1 1.2× 100 2.4 0.6 3.4× 100
The Bridge Region 0.7 4.2 2.1× 10−1 0.9 2.6 5.0× 10−1
The Antennae Galaxies 1.9 10.5 9.7× 10−2 2.3 11.5 2.1× 10−1
6. Adopt a pair of Z and ε which achieve the minimum χ2 as the best-fitted parameters.
The best-fitted parameters are summarised in table 6. The difference between the observed
value and theoretical one at one pixel can be obtained substituting the value at the same surface
density of the total gas. In other words, the black dots and the red crosses on any vertical line are
derived from the same pixel data. We will discuss the results of each galaxy in the next section.
4.4 Fitting results of fmol
Figures 9–16 show the results of the model fitting for each galaxy. The bottom of each figure rep-
resents the χ2 map. The blue region enclosed by a contour whose value is the minimum χ2 + 2.30
indicates 1 σ significance level of the fitting. NGC 5395 and NGC 4568 are constrained within a
narrow range of parameters. Although fmol–Σgas relation for NGC 4567 can be explained by a wide
range of parameter sets, external pressure is necessary to reproduce the observed relation. Other
galaxies (NGC 4567, UGC 12914, UGC 12915, the overlapping region of VV 254, and the Antennae
Galaxies) could not impose any limitation on parameters, and in particular, the external pressure term.
We will see the meaning of the fitting results in the successful cases first, and next, discuss the reasons
for failure where the fitting does not work well.
As mentioned in section 4.2, the monotonic decrease of fmol with the increase of the surface
density of the total gas is seen in NGC 5395. However, plausible parameter sets shown in figure 10
may contain parameters which cannot reproduce the decreasing trend of fmol along with an increase
of surface density of the total gas. In fact, the parameter set of (Z/Z⊙, ε)= (1.9, 0.0) included in
the plausible parameters unsuccessfully reproduce the trend as we conclude in sub-section 4.3 (see,
figure 7). In order to check which parameter set can reproduce the observed trend, we quantify the
simulated parameter set. Since the range of the surface density of total gas of NGC 5395 is about
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from 5 M⊙ pc
−2 to 25 M⊙ pc
−2, we divided data points into three parts: the data with 10.0 > Σgas
(low Σgas), 15.0>Σgas > 10.0 (middleΣgas), and Σgas >15.0 (high Σgas). Then, theoretically derived
fmol are averaged over each part (f
ave
mol). We checked for each parameter set whether theoretical fmol
monotonically decreases along with the increase of Σgas, i.e., check whether the parameter sets fulfil
f avemol(low Σgas)> f
ave
mol(middle Σgas)> f
ave
mol(high Σgas). (17)
The parameter sets that show the trend of the monotonous decrease of fmol along with the increase
of Σgas are shown in figure 10 bottom with a red shade. This figure illustrates how our model can
reproduce the odd trends in NGC 5395 in very narrow parameter space and no parameter set can
reproduce the observed trend if the external pressure term is not included.
The fact that the external pressure is needed to reproduce the observed trend of NGC 5395
can be qualitatively understood as follows. In the case of constant SFR (see, figure 6), fmol increases
gradually along with the increase in the surface density of total gas. In reality, SFR is not constant
throughout a galaxy. When SFR in NGC 5395 becomes high along with the increase in the surface
density of total gas, as is often the case with normal spiral galaxies (e.g., Kennicutt et al. 1987), fmol at
a high surface density of total gas should get lower than that in the case of constant SFR. Additionally,
the increase in external pressure on fmol selectively influences where the surface density of total gas
is low (figure 8). Due to the combination of these effects, NGC 5395 has an odd trend of the decrease
in fmol with the increase in the surface density. This result also suggests that the trend of decreasing
with the surface density of total gas in NGC 5395 is not due to the uncertainty of the inclination of
molecular gas and atomic gas discs, and there is an influence of the external pressure. The χ2 map
(figure 10 bottom) suggests possible parameters are located in a very narrow range. Metallicity equal
to or slightly higher than the solar metallicity with external pressure (4.0 > ε > 2.0) is necessary to
explain the odd tendency of NGC 5395.
Plausible parameter space of both NGC 4567 and NGC 4568 shows external pressure higher
than 2.0, corresponding to 16.0 M⊙ pc
−2 (figure 11 and 12). Although the NGC 4567 and NGC
4568 pair has the most undisturbed morphology in our sample, the fitting results demand external
pressure. These results suggest that a close encounter may cause external pressure even in early
stages of interaction.
NGC 5394, the VV 254 system, and the Antennae Galaxies cannot restrict the parameter
space. Therefore, it is not clear whether these galaxies are affected by external pressure. There are
several reasons to explain the model fitting failure.
High fmol value nearly 1.0 (fully molecules) throughout the region where CO and H I are
detected (see, Hα, FUV, 24 µm and 8 µm images in Paper I) is observed in NGC 5394 and the
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Antennae Galaxies. Since NGC 5394 and the Antennae Galaxies show active star formation even in
early or mid stages of interaction, these galaxies experience strong UV photodissociation. According
to our model, it is difficult to distinguish the cause of high fmol from high metallicity and high external
pressure as seen in figure 6 and figure 8. This is the reason the model fitting could not constrain
parameters in these galaxies.
VV 254 system can be explained in other ways. Elmegreen’s model assumes that H I–H2
production and destruction rate is under equilibrium. VV 254 undertakes the first encounter just 2 ×
107 years ago (Condon et al. 1993). Gravitational disturbance changes the environment of galaxies.
Although it is enough to produce molecular gas from interstellar gas (this issue will be discussed in
section 4.6), it may not reach the balanced state of H I–H2 production and destruction rate. Thus,
the facts that it is observed large fmol dispersion at a same surface density of total gas and unsuccess
in the model fitting could be reasonable for VV 254. The second possibility is the uncertainty of
SFR. According to Kennicutt (1998), UV emission, which we used to derive SFR for this pair, traces
star formation over time-scales of 108 years or shorter. Therefore, SFR derived from UV emission
traces star formation not only occurred after the collision but also before the collision. Thus SFR
that we used for the fitting should not trace recent UV radiation. Moreover, recent Paα observations
imply that star formation in VV 254 is more active than our estimation (Komugi et al. 2012). The
fitting results for UGC 12915 (figure 14) showed that calculated fmol tends to have a higher value than
observationally derived fmol. This could be due to an underestimation of SFR through FUV emission.
4.5 The effects of different XCO factor
We focus on the uncertainty of the conversion factor, XCO, from ICO to NH2 . Although we assumed
the same conversion factor for interacting galaxies and isolated galaxies, observations and simulations
report that interacting galaxies have lower conversion factor compared to normal spiral galaxies (Zhu
et al. 2003; Zhu et al. 2007; Narayanan et al. 2012). Thus, there is a possibility that we overestimate
molecular gas mass and f globalmol for interacting galaxies. If we assume that the conversion factor is a
factor of 2 lower than the conventional value we adopted in this discussion, that is,XCO = 9.0× 10
19
cm−2 (K km s−1)−1, we find that the average of f globalmol is 0.62± 0.17 and the median is 0.59. In a case
of assuming a factor of 2 lower XCO, f
global
mol of interacting galaxies is as same as that of the control
sample galaxies (0.52 ± 0.18).
Then we performed the theoretical fitting on fmol–Σgas relation again in the case of adopting
XCO of 9.0 × 10
19 cm−2 (K km s−1)−1 in order to check whether theoretical model fitting supports
the standardXCO conversion factor. The fitting results show that a factor of 2 lowerXCO yields twice
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Fig. 9. Top: The results of theoretical fmol fitting for NGC 5394. Free parameters are metallicity Z and external pressure ε. Black dots are observed fmol,
while red points are best-fitted theoretical fmol. Bottom: χ
2 map of the fitting. The cross represents the best-fitted parameters. The contour is minimum χ2
+ 2.3, showing 1 σ significance level.
worse the minimum χ2 than the standard XCO factor for all interacting galaxies on average (table
6). Large velocity gradient (LVG) analyses (Zhu et al. 2003; Zhu et al. 2007) show that VV 254 and
the Antennae Galaxies have lower XCO than the Galactic one. Contrary to the result of f
global
mol and
previous LVG analyses, the theoretical fitting suggests that it may be better to adopt the Galactic ICO
to NH2 conversion factor in interacting galaxies in early stages rather than a smaller XCO conversion
factor. However, since the conversion factor in interacting galaxies is still under discussion, more
research is needed to confirm our assumption.
4.6 Mechanism of enhancement of fmol in interacting galaxies
We discuss possible mechanisms of the enhancement of fmol seen in interacting galaxies even in
the early stage in terms of a shock-induced molecular gas formation. One possible scenario is that
widespread shock in the galaxies compresses the interstellar gas. In order to understand widespread
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Fig. 10. Same as figure 9 but for NGC 5395. The explanation of a red shaded region is described in the text.
star formation throughout interacting galaxies as seen in the Antennae Galaxies which cannot be
explained by gas concentration models (e.g., Barnes & Hernquist 1996), Barnes (2004) made a star-
formation model in which star formation takes place where the rate of shock-induced mechanical
heating changes substantially. His model successfully explained the widespread star formation seen
in the Mice galaxy (NGC 4676) which is in the early stage of the interaction is due to the shock-
induced star formation, and it lasts about 108 years. Additionally, Icke (1985) shows by numerical
hydrodynamic calculations that shocks occur in a disc of gas in a gravitationally perturbed galaxy
at the early stage of the interaction even in a distant encounter like fly-by interactions. In Icke’s
simulations, strong shock emerges even in the minor merger whose mass ratio is 4. The fact that it is
observed a shock feature in secondary galaxy NGC 5394 which is one of our samples (Roche et al.
2015) reinforces these simulations. In the result, it can be thought that high pressure is brought to
the galaxy. This pressure induced by the interaction with the counterpart galaxy should enhance the
conversion rate from H I to H2, and high fmol is achieved even in the low surface density of total gas.
Another scenario is a cloud-cloud collision model that should suit the contact region of VV
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Fig. 11. Same as figure 9 but for NGC 4567.
219 and the overlapping region of VV 254. This cloud-cloud collision model has two cases of the
molecular gas formation. One difference between the two is behaviours of giant molecular clouds
(GMCs) during the galaxy-galaxy collision. Jog & Solomon (1992) investigate the behaviours of
interstellar clouds during a galaxy interaction and show that only H I clouds can collide with each
other and GMCs cannot collide because the volume-filling factor is smaller than H I clouds. The
collision between H I clouds causes strong shock and clouds fully ionised. Since such an ionised
gas compresses a surface of un-collided GMCs with their high pressure and GMCs become unstable,
they attribute effective star formation in interacting galaxies to this mechanism. Although they do not
consider the reaction between high pressure and pre-collision H I clouds, this leads to the production
of molecular gas from the H I clouds.
On the other hand, Braine et al. (2004) considered the possibility of GMC-GMC collisions
and concluded that not only H I clouds but GMCs can also collide because the volume-filling factor
which Jog & Solomon (1992) assumed is too small. When GMC-GMC collisions happen, GMCs are
destroyed and ionised with local shock as H I clouds rather than encouraged to form stars and then
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Fig. 12. Same as figure 9 but for NGC 4568.
fmol decreases. Hot ionised gas with temperature of ≃ 10
6 K, however, becomes rapidly below 104
K through emission line (Harwit et al. 1987). The cooling time-scale is only a few years and much
shorter than the collision time-scale. Therefore, ionised gas, whether originally atomic or molecular
gas, soon becomes cool and neutral.
In these scenarios, the key process produced by the interaction is shock. If the reproduced
H I gas is dense enough, H I becomes H2. H2 formation time-scale is governed by the inverse of the
density. The typical time-scale for H I-H2 transition in diffuse ISM after shock is not longer than an
order of 107 yr (Bergin et al. 2004). The density in the collision front including the overlapping region
is expected to be higher than the disc region of the progenitors because that region is produced in the
result of the collision of two galaxies. This suggests that the time-scale for H I-H2 transition by the
shock during an interaction event is shorter than typical one. This time-scale is comparable or shorter
than the collision time-scale of one encounter (∼ 107 yr). We can regard that the pre-exist H I and H2
clouds co-exist during the encounter. Thus, no matter which HI or H2 gas before the collision, the
efficient production of molecular gas procedure occurs in interacting galaxies.
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Fig. 13. Same as figure 9 but for UGC 12914.
However, in the case of GMC-GMC collisions, CO gas that we observed and used as an H2
tracer may also be destroyed. If it is the case, a production time-scale of H2 may differ from that of
typical one, which assumes that CO already exists. Here, we discuss the time-scale of molecular gas
production based on the chemical processes under the condition that molecular gas is destroyed by a
GMC-GMC collision. In this case, since both H2 and CO gas are destroyed, we must consider time-
scales of the production of H2 and CO gas. If the time-scale of the formation of CO greatly differs
from that of H2, the CO-H2 conversion factor is changed, and it leads to a mistake in estimating real
fmol. Although there are many ways to convert from C I to CO, the transition we must pay attention to
is the dominant transition on the production of CO. Thus we treat one of the most contributive routes
on the production of CO gas that occurs via CH+2 . This process progresses in the photodissociation
region and CH+2 is made from H2 and C
+. According to this process, the time-scale of the formation
of CO gas is ∼ 108 n−1H years, where nH is a number density of hydrogen in the unit of cm
−3 (Tielens
& Hollenbach 1985; Suzuki et al. 1992; Oka et al. 2004), while the time-scale of the formation of
H2 gas is ∼ 10
9 n−1H years. Thus in typical molecular cloud whose density is ∼10
2 cm−3, these
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Fig. 14. Same as figure 9 but for UGC 12915.
time-scales correspond to ∼ 106 years and ∼ 107 years for CO and H2 gas, respectively. Since H2
regulates the CO formation in this process, CO gas can be made only after the production of H2 gas.
Thereby, the order of time-scales to form CO and H2 both take about 10
7 years. Therefore, we do not
underestimate the CO-H2 conversion factor at least in later than 10
7 years after the collision. Even for
VV 254 which is just after the collision, the time-scale for the production of CO and H2 of 10
7 years
is comparable to the collision age. Therefore, high fmol in the interacting galaxies is not the result
of a misunderstanding due to the difference of the CO-H2 conversion factor but for a real tendency.
Moreover, a shock induced by the collision is capable of shortening the time-scale of the formation
of molecular gas. Guillard et al. (2009) discussed the time-scale to form H2 gas under strong shock
to explain warm H2 rotation line emission found in the collision front of ongoing interacting galaxies,
the Stephan’s Quintet. According to them, the time-scale of the production of H2 from hot plasma is
roughly the inverse of the gas density with temperature of 104 K and is formulated as follows:
tH2 [yr]≃ 7× 10
5fdust
(
2× 105[K cm−3]
Pth
)0.95
, (18)
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Fig. 15. Same as figure 9 but for the overlapping region of VV 254. Metallicity data of this region is not available.
where Pth is the thermal gas pressure and fdust the dust mass fraction remaining in the gas. They
showed that warm H2 gas is formed in the collision front of the Stephan’s Quintet even at its age
after the collision of 5 × 105 years. Furthermore, time-scales for the formation of CO and cold H2
take only ∼ 105 years after temperature of the postshock gas falls below 104 K (see, Guillard et al.
(2009) figure C.2). Taking this fact into account, it is not surprising that plenty of cold H2 gas and CO
gas is made in interacting galaxies with the age of the interaction being much longer than Stephan’s
Quintet. In our observational results, the overlapping region of VV 254 would be the case that can
be explainable with this idea. Although strong shock should prevail there because VV 254 undergoes
a head-on collision, molecular gas can be formed from ionised gas in a short time, something that is
also briefly mentioned in Braine et al. (2004). Besides, fmol should vary with the location because the
time-scale of the formation of molecular gas depends upon a pre-shock gas density and time after the
collision also differs according to the location. Thus, the dispersion of fmol at the same surface density
of total gas is expected to become large in interacting galaxies under the existence of the shock. From
the perspective of chemical time-scale, it is not ruled out that high fmol seen in interacting galaxies is
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Fig. 16. Same as figure 9 but for the Antennae Galaxies.
achieved by the shock induced by the interaction. Therefore, even if GMC-GMC collisions happen,
fmol may increase and when the density is sufficiently high fmol is seen even in the early stage of the
interaction.
We have discussed why external pressure in interacting galaxies in early stages increases. Two
scenarios, widespread shock and cloud-cloud collisions (both H I-H I cloud collisions and GMC-GMC
collisions), are plausible causes of external pressure. The former one explains galactic scale external
pressure, while the latter is particularly suits for the collision front of the interaction. In both cases,
shock plays an important role in effective gas phase transition from H I to H2.
5 Summary
We investigated the ISM properties in interacting galaxies in early and mid stage of the interaction
using CO and H I mapping data. Our findings are as follows:
1. Molecular hydrogen gas and total gas mass normalised with Ks-band luminosity are un-
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changed between the interacting galaxies of our sample and isolated galaxies. This is due to
ionisation of atomic gas and/or production of molecular gas from atomic gas.
2. The global molecular gas fraction in the interacting galaxies of our sample is higher than that in
field galaxies.
3. Few interacting galaxies show the radial decrease in local molecular gas fraction seen in typical
isolated galaxies.
4. A pixel-to-pixel comparison showed that high molecular gas fraction is achieved even if the
surface density of total gas is low.
5. The local molecular gas fraction decreases along with the increase of the surface density of total
gas is found in NGC 5395. This tendency has never been observed.
6. With numerical model fittings using observable parameters, NGC 5395 and NGC 4568 are
successfully explained the observation, which may be caused by external pressure.
7. Adopting a half Galactic CO-H2 conversion factor instead of the Galactic one, results of numerical
model fitting for all target interacting galaxies get worse, implying that CO-H2 conversion factor in
the interacting galaxies in the early stage is unchanged.
8. The cause of external pressure can be explained by widespread shocks on galactic scale and by
cloud-cloud collisions in colliding regions. Shocks plays an important role in both scenarios.
9. Chemical time-scale for the production of both CO and H2 does not reject an increase of molecular
gas fraction even if cloud-cloud collisions destroy pre-existing molecular clouds.
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